Summary. Changes in glucagon, insulin and somatostatin secretion induced by electrical splanchnic nerve stimulation were examined in rats treated with streptozotocin as neonates and as adults. In order to study the direct neural effects we used the isolated perfused rat pancreas with intact left splanchnic nerve in vitro. In normal rats splanchnic nerve stimulation causes significant decreases in insulin (30-40%) and somatostatin (30-50%) secretion at both 16.7 mmol/1 and 1 mmol/1 glucose concentrations. In the neonatal streptozotocin-diabetic rats splanchnic nerve stimulation at 16.7 mmol/1 glucose decreased insulin secretion (14%) further than in the control rats (30%), however, somatostatin secretion did not decrease to the same extent. Similar results were also observed at the low (1 mmol/1) glucose concentration. On the other hand, percent decreases of insulin and somatostatin secretion induced by splanchnic nerve stimulation in the streptozotocin-diabetic rats were similar to the values observed in the normal control rats. The glucagon secretion in response to splanchnic nerve stimulation at 16.7mmoi/I glucose from pancreatic Alpha ceils in both types of induced diabetes is exaggerated, and the degree of exaggeration seems to parallel the severity of the hyperglycaemia. However, the splanchnic nerve stimulation-induced glucagon secretion at 1 mmol/1 glucose was impaired in the streptozotocin-diabetic rats, but not in the neonatal streptozotocin-diabetic rats. These data suggest that the sensitivity of diabetic Alpha and Delta cells to sympathetic neural activation are blunted, whereas the sensitivity of Beta cells is enhanced in the diabetic animal model.
It has been reported that various clinical stress states are associated with catecholamine excess and hyperglycaemia, resulting in impaired insulin secretion and hyperglucagonaemia [1, 2] . Furthermore, exaggerated glucagon responses to epinephrine have been observed in diabetic patients [2] , and this exaggeration of glucagon secretion may have clinical importance in the pathogenesis of diabetes mellitus [3] . On the other hand, pancreatic Alpha-cell responses to changes in glucose concentrations are also abnormal in diabetes [4] .
Portha et al. [5] and Weir et al. [6] have reported independently that rats receiving streptozotocin during the neonatal period show a resemblance to human Type 2 (non-insulin-dependent) diabetes with a mild diabetic state showing selective insensitivity to glucose in Beta cells, while insulin secretion in response to other secretagogues is preserved. Furthermore, adult rats receiving streptozotocin develop severe insulin deficiency, and are considered to be one of the models of Type 1 (insulin-dependent) diabetes [7] .
In the present study we have investigated the effect of sympathetic neural activation on the endocrine pancreas in the animal models of diabetes. Furthermore, in order to elucidate the mechanism of abnormal glucagon secretion from diabetic Alpha cells in response to sympathetic neural activation, we have investigated the effect of glucose on glucagon secretion during splanchnic nerve stimulation in streptozotocin-induced rat models of Type 2 and Type 1 diabetes using isolated perfused rat pancreas with intact left splanchnic nerve in vitro.
Materials and methods

Neonatal streptozotocin rat model of Type 2 diabetes (NSZ)
Male, Wistar pups, 1.5 days old (Wistar-Jcl, purchased from Clea, Osaka, Japan) received 90mg/kg streptozotocin s.c. (Upjohn, Osaka, Japan) and control rats received a diluent 0.05 mol/1 citrate buffer. After weaning the animals received standard laboratory chow, water ad libitum in a temperature-and tight-conditioned room for t2 weeks. The plasma glucose was measured at 12 weeks of age in blood obtained from the tail vein.
Streptozotocin rat model of Type 1 diabetes (STZ)
Male Wistar rats weighing 240-260 g received 50 mg/kg streptozotocin via injection into the jugular vein. The animals were maintained as above for 4 weeks, when the plasma glucose was measured.
In vitro isolated perfused pancreas
The animals were fasted overnight before the experiments when anaesthesia was induced by intraperitoneal administration of 6 mg/100 g body weight of sodium pentobarbital. The pancreas with intact left sptanchnic nerve was isolated as previously described [8] . The perfusate of Krebs-Ringer bicarbonate buffer containing 4.6 % dextran (mean mol. wt. 70,000; Pharmacia, Uppsala, Sweden) was equilibrated with 95 % 02 and 5 % CO~, and the pH was adjusted to 7.4. It was placed in a reservoir maintained at 37 °C. The glucose concentration was adjusted to the desired level by means of a side arm pump, and bovine serum albumin (fraction V; Sigma Chemical Co., St. Louis, Mo., USA) was also added to a final concentration of 0.25 %. The pressure of O~ in the perfusate ranged 450-500 mmHg (59.9-66.5 kPa). The flow was non-recycling and the rate was usually 1.8-1.9ml/min at a perfusion pressure of 40-60mmHg (5.3-8.0 kPa), measured with the transducer (model T12; Gould Inc., Oxnard, Calif., USA). After surgery the perfused pancreas with left splanchnic nerve was placed in a temperature-and humidity-constant chamber. Each 1-min effluent from the portal vein was collected into chilled tubes containing 1000 U of Trasylot (Bayer, Leverkusen, FRG), frozen immediately, and then stored at -20 °C until assayed.
Experimental protocol
After an equilibration period of 20 min, samples were taken for 20 min. Electrical splanchnic nerve stimulation (SNS) was performed for 5 rain as 1 ms, 30-V square wave impulses at a frequency of 10 Hz. The completeness of the electrical SNS was conf~med by ascertaining an increase of more than 30 mmHg in the pressure of the arterial cannulation tube. For the study of the effects of SNS on glucagon, insulin and somatostatin at a high glucose concentration, the perfusate concentration of glucose was kept constant at 16.7 mmol/1 throughout the entire experimental period, and SNS was performed 3 min after the start of sampling. In another experimental protocol, the concentration of glucose was reduced from 16.7 mmolfl to i mmol/1 3 min after the start of sampling, and SNS under the same conditions described above was performed at this low glucose concentration.
Assay and data analysis
The concentration of immunoreactive insulin was measured by RIA using a polyethylene glycol precipitation technique, with rat insulin (Novo, Bagsvaerd, Denmark) as standard [9] . Immnnoreactive somatostatin was measured by specific RIA [10] , with a modification of the method described by Arimura et al. [11] , with antiserum T-316 and synthetic cyclic somatostatin (Takeda Pharmaceutical Co., Osaka, Japan) as standard. Antiserum T-316 was produced in a rabbit by repeated immunizations with synthetic cyclic somatostatin coupled to crystallized bovine serum albumin. T-316 had no cross-reactivity with insulin, glucagon, gastrin, motitin, vasoactive intestinal polypeptide, secretin, and substance-E N-tyrosyl somatostatin was iodinated with ~25I-Na by the chloramine-T method and subsequently purified on a Sephadex G-25 (fine) column. The minimum T. Kurose et al.: Sympathetic ne~e and islet hormones in diabetes detectable quantity of the assay was 6 pmol/1. Immunoreactiv e glucagon was measured by RIA using the talcum adsorption technique of Sakurai et at. [t2] , with an antiserum specific for pancreatic glucagon (OAL-123; Otsuka Assay Laboratory, Tokushima, Japan). Porcine glucagon (Novo) was the standard. The minimum detectable quantity of the assay was 40 ng/1.
The insulin, somatostatin, and glucagon outputs were calculated as the concentration of each hormone multiplied by the volume of each l-rain effluent. Percent basal was calculated as follows: the values for hormone outputs at each time during and after SNS were divided by the basal value at 2-3 min (hereafter expressed as 3 min) in the experiments at 16.7 mmol/1 glucose, or at 8 rain in the experiments at the I mmol/1 glucose concentration. These values were then multiplied by 100 to obtain the percentage. For the evaluation of the decrease in insulin and somatostatin outputs during SNS, the percent basal at nadir was calculated as the mean of the values at the lowest point in each experiment, i. e.
Z (% basal at nadir in each experiment) (number of experiments)
The total decrement beneath the basal level of insulin and somatostatin output and the total increment above the basal level of glucagon output are expressed as the sums of the difference between each value during the 5-min period of SNS and basal value just before SNS, i. e.
• (x~-y).
Where x~ represents each hormone output at i min during the 5-rain period of SNS, and y represents basal hormone output just before SNS. These sums are expressed as negative values for decreases and positive values for increases.
Statistical analysis
Statistical comparisons of means within a group were made using Student's paired t-test. Comparisons between means of different groups were made by analysis of variance followed by Duncan's multiple range test [13] , if the null hypothesis was rejected by the former. Differences were accepted as significant atp < 0.05.
Results
Body weight and plasma glucose
Immediately before perfusion experiments, the body weight of the NSZ rats was identical to that of the control rats, but the body weight of the STZ rats was significantly lower than in the control rats (p < 0.01, Table 1 ). Plasma glucose levels of the NSZ rats fed ad libitum were significantly higher than the levels of the controls (p < 0.01), while fasting plasma glucose levels in the NSZ rats were not significantly different from the values in the controls. In the STZ rats ad libitum plasma glucose levels were significantly higher than the levels of the controls (p < 0.01), and fasting plasma glucose levels in the STZ rats were significantly higher than the levels of the controls (p < 0.01).
NSZ rats
Effects of SNS at 16. 7 mmol/l glucose on insulin, somatostatin and glucagon secretion. The protocol and results are shown in Figure 1 . After a 20-rain equilibration period insulin output at 16.7 mmolh glucose in the NSZ rats was significantly lower than in the control rats (Table 2 ). Insulin Table 3 ). The pre-stimulatory levels of somatostatin and glucagon output in the NSZ rats were not significantly different from those in the controls (Table 2 ). However, the maximal decrease in somatostatin output induced by SNS was significantly smaller than in the controls. On the other hand, SNS caused the glucagon output at 16.7 mmol/1 glucose to increase five-fold in the NSZ rats, whereas in the control rats SNS did not cause any change in glucagon output. Figure 2 . When the perfusate glucose concentration was lowered from 16.7 retool/1 to 1 mmol/1, the insulin and somatostatin output in the control rats rapidly fell from the pre-stimulatory levels at 3 min to nadirs at 8 min (p < 0.01, p < 0.05, respectively). At this low level of glucose concentration SNS slightly reduced insulin output in both NSZ and control rats. The :maximal decrease in insulin output during SNS in the NSZ rats was not different from that in the controls (Table 3) . A small reduction of somatostatin output was induced by SNS in the control rats. However, although perfusate flow significantly decreased during SNS in the NSZ rats, somatostafin output showed no change. Acute reduction of glucose concentration did not cause any significant change in glucagon output in either group. SNS produced a 34-fold increase in glucagon output in the control rats. The response of glucagon output to the SNS in the NSZ rats was similar to that in the control rats. Furthermore, the total increment above basal level during SNS in the NSZ rats was comparable to that in the controls (Table 4) .
Effects of SNS at I mmol/l glucose on insulin, somatostatin and glucagon secretion. The protocol and results are shown in
STZ rats
Effects of SNS at 16. 7 mmol/l glucose on insulin, somatostatin and gtucagon secretion. The protocol and results are shown in Figure 3 . The STZ rats, as expected, had a significantly lower mean insulin output than the control rats at 16.7 retool/1 glucose. Somatostatin output in the STZ rats was also significantly lower than in the control rats. However, glucagon output at 16.7 mmol/1 glucose in the STZ rats was higher than in the control rats, but the difference did not reach statistical significance (Table 2) . Although 1037 the pre-stimulatory level of insulin output was very low, SNS slightly decreased insulin output in the STZ rats. Calculated maximal decrease in the STZ rats was similar to that in the control rats. The SNS caused a significant decrease in somatostatin output in both groups, and the maximal decrease induced by SNS in the STZ rats was similar to that in the control rats. On the other hand, while no significant change was observed in glucagon output during SNS in the control rats, a significant four-fold increase was observed in the STZ rats.
Effects of SNS at l mmol/I glucose on insulin, somatostatin and glucagon secretion. As shown in Figure 4 , in the control rats the acute reduction of glucose concentration sig- nificantly decreased insulin and somatostatin output. However, the large reduction of glucose concentration did not affect the insulin and somatostatin output in the STZ rats. At i mmol/1 glucose SNS caused a minimal decrease in insulin output in both STZ and control rats. Furthermore, SNS caused a small but significant decrease in somatostatin output in both groups. There was no difference in the maximal decrease of somatostatin output between the STZ and the control rats. As was observed in the control rats, the acute reduction of glucose concentration did not cause any change in glucagon output in the STZ rats. A large difference was observed, however, in the response of glucagon output during SNS in the STZ rats. The response of glucagon output to SNS at this low level of glucose in the STZ rats was significantly smaller than in the control rats, and in the STZ rats the total increment above basal level of glucagon output during SNS at i mmol/1 glucose was similar to that observed at 16.7 mmol/1 glucose (Table 4) .
Discussion
In the present study we have observed that the glucagon response to SNS at a low glucose concentration was unchanged in the NSZ rats but was impaired in the STZ rats. Accordingly diabetic Alpha-cell sensitivity to sympathetic neural outflow is likely to be altered in relation to the degree of the severity of the diabetic state. A possible effect of STZ-induced insulitis on the decreased glucagon secretion is unlikely, since glucagon concentrations in plasma and pancreatic tissue were increased in the STZ rats [14] . Other possible contributing factors are diabetic autonomic neuropathy or an alteration in catecholamine sensitivity of diabetic Alpha cells. Schmidt et al. [15] and Anderson et al. [16] , however, have reported that they T. Kurose et al.: S3~npathetic nerve and islet hormones in diabetes failed to demonstrate axonal dystrophy of the autonomic nerves, a characteristic of diabetic neuropathy, in animals diabetic for 4 months or less, in marked contrast to the presence of axonopathy of the somatic nerves observed as early as 4 weeks after diabetes is induced [17] . Diabetic Alpha-ceil sensitivity to catecholamines has been reported to be unchanged in NSZ rats [18] and in rats treated acutely with streptozotocin [19] . By contrast, an early" alteration in the activity of the pancreatic sympathetic nerve has been reported. Reduction in both sensitivity to norepinephrine and availability of norepinephrine was observed only 2 weeks after the induction of diabetes with streptozotocin [20] . Furthermore, when autonomic neuropathy is present, the responses of the pa- [16] and the vas deferens [21] to sympathetic or noradrenergic nerve stimulation are reported to be reduced. Accordingly the decreased glucagon response to SNS at the low glucose concentration in the diabetic rats may be related to defects in the sympathetic nervous system and decreased Alpha-cell sensitivity to norepinephrine.
On the other hand, glucagon response to SNS is exaggerated at a high glucose concentration in the NSZ rats. The exaggeration of SNS-induced glucagon secretion at the high glucose concentration in this model might be related to an impaired inhibitory effect of glucose on glucagon secretion, since suppression of glucagon secretion by hyperglycaemia is a characteristic feature of normal Alpha-cell function, and impaired glucose suppression of glucagon secretion has been demonstrated in human diabetes [3] and in various animal models [6, 22] . Another possible contributing factor may be the lack of the normal decline in intra-islet insulin in islets from streptozotocin-diabetic rats [23] . Furthermore, in the STZ rats with more severe hyperglycaemia and Beta-cell deficiency, this exaggeration of SNS-induced glucagon secre-tion at a high glucose concentration was also demonstrated.
The results of previous studies on the catecholamine sensitivity of the Beta cells in diabetes are controversial and inconclusive, fl-adrenergic hypersensitivity of insulin secretion was reported in one study [6] , but in others insulin response to fl-adrenergic agonists was apparently unaltered in an in vitro system [24] or reduced in an in vivo system [25] . On the other hand, epinephrine suppressibility of insulin secretion from the isolated perfused pancreas was not altered in the NSZ rats when the baseline insulin secretion was matched to the controls by arginine infusion [18] . We observed a higher percentage decrease of insulin output in the NSZ rats than in the controls at the . ,. . , ,.,.,.,. Time (min) Fig.4 . Effects of splanchnic nerve stimulation (SNS) on insulin, somatostatin and glucagon secretion at 1. retool/1 glucose in rats treated with streptozotocin as adults (~--O) (n = 5) and in control rats (o--o) (n = 6) using the isolated and perfused pancreas. Mean_+ standard error are shown high glucose concentration. Although differences were found in the baseline insulin level between the NSZ rats and the control rats, the sensitivity of Beta cells to SNS in the NSZ rats may be enhanced, because the percentage decrease in the flow was not altered in the NSZ rats. Furthermore, in a recent study using the isolated islets of NSZ rats, the sensitivity of Beta cells to az-adrenergic activation was reported to be increased [26] . The response of Delta cells to SNS appears to be blunted in the NSZ rats. However, Delta cells in the STZ rats responded normally to SNS. The reason for this discrepancy is not known, but a paracrine Beta-Delta cell interaction may be related to this blunted Delta-cell re-T. Kurose et al.: Sympathetic nerve and islet hormones in diabetes sponse in the Type 2 diabetes model. Kadowaki et al. [14] have reported previously that increased content and release of somatostatin in streptozotocin-induced diabetic rats correlated with the reduced Beta-cell mass. If remaining Beta cells have a suppressive effect on Delta cells in the NSZ rats with moderately decreased Beta-cell mass, reduction in a suppressive effect of insulin on Delta cells may be induced by hypersensitivity of the diabetic Beta cells to SNS. On the other hand, in the STZ rats with an extremely reduced number of Beta cells, the sensitivity of Beta cells to SNS was apparently unchanged, and the effect of insulin on pancreatic Delta ceils was negligible because of the extremely reduced basal insulin secretion. This may explain why the percent decrease of somatostatin secretion induced by SNS was normal. Although we cannot exclude other possibilities including altered catecholamine sensitivity of diabetic Delta cells and paracrine Alpha-Delta cell interactions, diabetic Delta cells are possibly insensitive to sympathetic neural outflow in relation to the increased sensitivity of Beta cells to SNS.
In summary, our present study suggests that the sensitivity of diabetic Alpha and Delta cells to sympathetic neural activation are blunted, whereas the sensitivity of diabetic Beta cells to sympathetic neural activation is enhanced in the diabetic animal model.
